We report a new type of nanomechanical resonator system based on one-dimensional chains of only 4 to 7 weakly coupled small molecules. Experimental characterization of the truly nanoscopic resonators is achieved by means of a novel radio-frequency scanning tunneling microscopy detection technique at cryogenic temperatures. Above 20 K we observe concerted oscillations of the individual molecules in chains, reminiscent of the first and second eigenmodes of a one-dimensional harmonic resonator. Radiofrequency scanning tunneling microscopy based frequency measurement reveals a characteristic length dependence of the oscillation frequency (between 51 and 127 MHz) in reasonable agreement with onedimensional oscillator models. Our study demonstrates a new strategy for investigating and controlling the resonance properties of nanomechanical oscillators.
We report a new type of nanomechanical resonator system based on one-dimensional chains of only 4 to 7 weakly coupled small molecules. Experimental characterization of the truly nanoscopic resonators is achieved by means of a novel radio-frequency scanning tunneling microscopy detection technique at cryogenic temperatures. Above 20 K we observe concerted oscillations of the individual molecules in chains, reminiscent of the first and second eigenmodes of a one-dimensional harmonic resonator. Radiofrequency scanning tunneling microscopy based frequency measurement reveals a characteristic length dependence of the oscillation frequency (between 51 and 127 MHz) in reasonable agreement with onedimensional oscillator models. Our study demonstrates a new strategy for investigating and controlling the resonance properties of nanomechanical oscillators. Resonant oscillators are ubiquitous in nature at all length scales. Meter-sized mechanical resonators have archetypal practical applications in musical instruments [1] and clocks [2] . At the microscopic length scale, mechanical resonators find their most prominent applications in scanning probe microscopy [3] as well as accurate detection of tiny masses [4, 5] and forces [6] [7] [8] . While maintaining micrometer lengths, the reduction of the thickness of mechanical resonators down to the nanometer scale has even enabled insight into fundamentals of quantum mechanics [9] [10] [11] [12] [13] . Further reduction in all three spatial dimensions (width, thickness, and length) to the nanoscopic scale has so far remained elusive.
Here, we report an experimental study on a novel type of mechanical resonating "cantilever" consisting only of a few small molecules. It is based on one-dimensional chains of weakly interacting molecules adsorbed on a Au(111) surface. The fundamental characterization of the molecular-chain resonators is successfully demonstrated by means of a novel detection method utilizing a scanning tunneling microscope (STM) modified by a radiofrequency (rf) spectroscopic system (Fig. 1) . Heating of the substrate above 20 K reveals concerted mechanical oscillations of the molecular chains, evidenced by the characteristic topographic "broadening" in the STM image (Fig. 2) . Our rf STM detects characteristic frequencies of the molecular-chain resonators between 51 and 127 MHz with a chain-length dependence in reasonable agreement with a coupled-oscillator model.
The nanomechanical resonators investigated herein consist of the nonpolar stable π radical α, γ-bisdiphenylene-β-phenylallyl (BDPA) [14] illustrated in Fig. 2(a) . Recently, our group demonstrated the self-alignment of one-dimensional chains of BDPA molecules along the h112i direction of the reconstructed Au(111) surface [15] . Chain formation, caused by weak unidirectional attraction [15, 16] between neighboring BDPA molecules, starts at triangular clusters of three molecules that act as nucleation centers [Figs. 2(b), (c)]. The experiments were performed with a commercial low-temperature STM (Createc) that we equipped with a dedicated rf circuitry with a bandwidth of 10 MHz to 1 GHz. Our setup is similar to that of Voigt et al. [17] , who have shown that rf oscillations can be detected by STM even without the use of a dedicated impedance matching network employed by other groups [18] [19] [20] . Instead of using a frequency mixing technique with lock-in detection as in Refs. [17, 21] , here we couple out the rf component of the tunneling current via a bias T for direct detection of the rf current modulations with a spectrum analyzer. Figure 1 shows a schematics of our rf-STM experimental setup. The tunneling current signal is FIG. 1 (color online) . Schematics of the rf-STM experimental setup, including I=V conversion and amplification (gain 10 8 , < 7 kHz), low-pass (LP) and high-pass (HP) filters, spectrum analyzer (SA), rf-signal generator (RFG), digital signal processing unit (DSP), and bias Ts for separating dc and rf components of the tunneling current signal. PRL 112, 117201 (2014) Selected for a Viewpoint in Physics P H Y S I C A L R E V I E W L E T T E R S week ending 21 MARCH 2014 split into dc and rf components via a bias T. The dc component serves, as usual, as a feedback signal for maintaining a fixed tunneling current in the range of 40 to 100 pA at þ1 V. The rf component is fed into a spectrum analyzer (Agilent MXA 9020) set to a bandwidth of 1 MHz. For obtaining the rf spectrum of a vibrating molecular chain, a recursive background subtraction procedure was applied based on averaging consecutive difference spectra between the oscillating molecular chain and the background signal of the pristine Au(111) surface. Impurity and tip effects during STM measurement were minimized by multiple tip formings between the experiments, resulting in Au-coated tips. Reliable tip performance was established by accurately reproducing the characteristic conductance signature of the Au(111) surface state well known from the literature [22] . Possible tip effects on the chain oscillations were minimized by positioning the STM tip close to the rim of the oscillating chains.
Observation of nanochain vibration.-For the present work we studied more than 100 different BDPA chains with a length of 3 to 12 monomers at "soft" tunneling conditions (þ1 V, 50 pA). The monomer separation along the chain axis is the same at both temperatures. The magnitude of the transverse broadening is maximal at the free end of the chain and decays monotonically towards the fixed end. Consequently, we denote the fixed end as "node" and the free end as "antinode." The characteristic broadening observed at 25 K indicates transverse mechanical vibrations of the individual monomers in the chain relative to the Au (111) surface. The individual monomers are imaged in a homogeneously blurred manner, suggesting that the vibration occurs on a time scale much faster than both the scan speed of the STM tip (1 sec per scanned line) as well as the bandwidth of the STM feedback loop (few kHz). Obviously, the monomers undergo several cycles of transverse vibration while the STM tip scans the image of the whole chain. The total broadening of the individual monomers in chains represent their maximum deflection amplitudes during several cycles of vibration.
In the case of chains longer than 7 monomers, we frequently observe one or more additional nodes (equal to monomers with minimum transverse motion) located between the free and fixed ends. 
frequency f. Random motion, on the contrary, is unable to explain the observed λ=4 periodicity of the topographic broadening. The node or antinode pattern suggests that the individual monomers of the chains oscillate in a concerted manner-consistent with intermolecular coupling within chains [15] .
In contrast to the oscillating BDPA chains, no broadening is observed for the Au herringbone pattern. This evidences that the phonon amplitudes of the Au(111) atomic lattice are very small (below the spatial resolution of STM) compared to the observed chain deflection amplitudes. Furthermore, it indicates that the chains oscillate independent of the substrate atomic lattice-consistent with the weak physisorption of BDPA on Au(111) as well as the huge difference in frequencies of the phonons and the BDPA chains (see below).
What drives the chain vibration: Role of the thermal bath.-Our STM investigations evidence that chain vibration abruptly sets in close to a substrate temperature of 20 K. At lower temperatures (≤ 15 K) the BDPA chains appear static in STM images, suggesting that they are in the vibrational ground state. The observed temperatureinduced onset of chain vibration indicates that thermal excitation by the "heat bath" of the substrate surface is responsible for the motion of the BDPA chains. Since we observe rather specific (transverse) modes of chain oscillation, the thermal activation argument requires a more detailed discussion of the available phonons with energies close to k B T (Boltzmann constant k B ).
The onset behavior can be explained by the phonon dispersion of the reconstructed Au(111) surface shown in Fig. 3(a) (extracted from Ref. [23] ). The surface phonons of Au(111) are indicated as circles (experimental) and lines (calculated), respectively, and bulk phonons as shaded regions. Because of the Boltzmann occupation, at 5 K predominantly those phonons are excited that have wave vectors k close to theΓ point of the surface Brillouin zone. The respective phonon wavelength λ ¼ 2π=k is very large, i.e., similar to or exceeding the length of the BDPA chains. We deduce from Fig. 3(a) for a phonon energy equal to E=k B ¼ 5 K a maximum wave vector of k ¼ 0.05 Å −1 in theΓM direction (i.e. transverse to the chain axis). This corresponds to a phonon wavelength as large as 13 nm. Phonons with such long wavelengths are expected to "offset" the chain as a whole rather than to excite its vibration. In order to excite transverse chain vibration, however, the phonon wavelength is expected to be of the order of λ=4 ¼ r as illustrated in Fig. 3(b) , where r is the monomer separation along the chain. This condition assures that the individual monomers of a chain may receive transverse kicks by the phonons that can excite the vibration of the whole chain. From the experimental value of r ¼ 0.73 nm along the BDPA chain [15] , a phonon wave vector of k ¼ 2π=4r ¼ 0.22 Å −1 is estimated. According to Fig. 3(a) , transverse phonons alongΓM with a similar wave vector, suitable for exciting chain vibration, have energies equivalent of E=k B ¼ 20 K and more (indicated by the dashed line). Only at a substrate temperature of 20 K and above does a reasonable fraction of respective phonons become thermally populated (e.g., ≈37% for E phonon ¼ k B T). This is in good agreement with the onset of BDPA chain vibration observed in this study.
Observation of characteristic radio-frequency signal on vibrating chains.-While the amplitude of a single vibrating chain may be directly deduced from the transverse broadening in the STM image (see Fig. 2 ), experimental determination of the vibration frequency (f) of the chain by STM is not straightforward. Since the above results indicate a value of f much larger than the bandwidth of the STM current amplifier of 50 kHz, conventional STM electronics is unable to detect it.
To obtain a reasonable estimate of the frequency range expected for the oscillating BDPA chains, we take as a starting point Young's modulus of weakly interacting hydrocarbon molecular thin films, with typical values ranging from Y ¼ 30 MPa to 2 GPa [25] . The present case of reduced dimensionality (one-dimensional chains) compared to molecular thin films suggests to replace Young's modulus by the (lower) shear modulus G ¼ Y=ð2 þ 2νÞ ≈ 0.38Y, using a typical Poisson ratio of ν ¼ 0.33. Furthermore, a film thickness below 1 nm 21 MARCH 2014 is expected to further reduce the elastic constants [26] by 70%. Assuming a rodlike cantilever with one fixed end, we calculate a vibration frequency of 150 MHz to 1.2 GHz, using the cantilever formula [10] f ¼ 1 4π
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based on continuum mechanics. We have used spatial dimensions similar to the BDPA chains; i.e., thickness t ¼ 0.7 nm, length L ¼ 4.38 nm (equivalent to a 7-chain), bulk density ρ ¼ 1300 kg=m
3
, and elastic constant G reduced to 3.4-230 MPa as discussed above. Our rf STM is equipped with an additional rf wiring and detection system [17] in order to detect rf current signals with a bandwidth ranging from 10 MHz to 1 GHz (Fig. 1) . Thus, the experimental bandwidth is expected to suffice the detection of the vibration frequency of the BDPA chains.
It is important to exclude effects of pinning of BDPA monomers to specific surface sites that may predefine certain monomers as nodes of the vibrating chain. Therefore, we focus, in the following, exclusively on vibrating BDPA chains that exhibit only one node defined by the triangular BDPA structure at one end of the chain similar to those shown in Figs. 2(b), (c) .
Since the chain vibration is much faster than the feedback of the STM (see above), the tip height is unaffected by the chain vibration. Positioning the STM tip close to the rim of a vibrating chain at the soft tunneling condition enables the chain to periodically move in and out of the tunnel junction, thus modulating the tunneling distance and, consequently, the tunneling current at the frequency of the chain vibration. Our experiments show that when the STM tip is positioned close to the rim of a vibrating chain, indeed, a distinct peak can be observed in the rf spectrum of the tunneling current. A similar result is obtained by scanning a small area including the rim of the free end of vibrating chains. Figure 4 (a) shows exemplarily the rf spectrum of the tunneling current obtained for a 5-chain (circles). The main contribution to the spectrum is an almost symmetric peak at 98 MHz with a signal-to-noise ratio of about 3 dB. The spectral width of 2.5 MHz indicates a quality factor of Q ≈ 40. No other significant f c signals were observed between 10 and 1 GHz (not shown). We denote the peak position as the "characteristic frequency" (f c ). When placing the tip over static (pinned) BDPA or over the bare Au(111) substrate, no f c signal is observed, evidencing the direct relation of the f c signal to the chain vibration.
We want to emphasize that measuring the f c of BDPA chains is indeed an experimental challenge, both with respect to the sample and with respect to the measuring process. The f c signal is detectable only for oscillating chains, but it turns out that not all of the vibrating chains are suitable for obtaining the f c signal. In particular, longer chains may be locally pinned at defects of the substrate and therefore may not vibrate uniformly. Minimization of possible interactions of the STM tip with the weakly physisorbed molecular chains by careful optimization of the tunneling parameters turned out to be essential for a successful measurement of the f c by STM. Overdamping effects by the STM tip were found to increase with the chain length; no reliable f c values could be obtained for chains longer than 7-chains. Based on our experiments, we estimate the success rate for observing a f c signal from vibrating chains with a signal-to-noise ratio ≥ 3 dB to about < 5% for our best tips. Figure 4 (b) shows the compiled results of successful measurements of the f c signal on vibrating BDPA chains with lengths between 4 and 7 monomers obtained at 25 K. We were able to obtain 2-4 independent f c values for each chain length shown in Fig. 4(b) , with the error bars reflecting the experimental deviations of the individual frequency measurements. With an increasing chain length, we observe a decrease of the f c value from 127 AE 26 MHz (4-chains) down to 51 AE 10 MHz (7-chains). The length dependence is well approximated by a 1=L b function with an exponent of b ¼ 1.3 obtained by a least-squares fit as indicated by the solid line (red) in Fig. 4(b) . In contrast, the model of Eq. (1), based on continuum mechanics, predicts a value of b ¼ 2 (dashed blue curve). Obviously, the observed behavior of BDPA chains lies between the two limiting cases of continuum mechanics and a discrete coupledoscillator model with b ¼ 1. PRL 112, 117201 (2014) P H Y S I C A L R E V I E W L E T T E R S week ending 21 MARCH 2014 Conclusions.-In conclusion, the BDPA chains as a whole can be regarded as mechanical nanoresonators. Their spatial dimensions are at least 1 order of magnitude smaller than the smallest free-standing nanoelectromechanical resonators reported in the literature [27, 28] and their mass is several orders of magnitude smaller (monomer mass is m 0 ¼ 6.95 × 10 −25 kg). The experimental results obtained with our novel rf-STM technique evidence that the characteristic frequency values (f c ) obtained on vibrating BDPA chains reflect their oscillation frequencies-in reasonable agreement with common dynamical models.
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